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On April 6 2009, at 01:32:39 UTC, an ML 5.8 earthquake occurred in Regione Abruzzo 
(Central Italy). The initial  hypocentral coordinates were 42.33ºN, 13.33ºE, and depth  of 
8.8 km (Istituto Nazionale di Geofisica e Vulcanologia web site: http://www.ingv.it). The 
event ruptured up-dip in the southeast direction (Cirella et al, 2009), causing extensive 
damage in the city of L’Aquila, and in many villages of the region. A total of 308 
casualties and 1,500 injuries resulted from the collapse of buildings that could not 
withstand the strong ground shaking, and 64,812 people were displaced from their homes 
(Akinci and Malagnini, 2009).
The rupture occurred on the Paganica fault (Walters et al., 2009), a poorly known 
structure that is now being extensively investigated (see also Emergeo Working Group, 
2009). Anzidei et al. (2009) observed a maximum surface displacement of 10 ± 0.5 cm 





























up to ~1g, clearly indicating (Akinci et al., 2010  ) the southeastward directivity of the 
rupture found by Cirella et al. (2009), who jointly inverted strong-motion and GPS data 
(Anzidei et al. 2009) for rupture properties.  Atzori et al. (2009) inverted the DInSAR 
(Massonnet et al., 1993) co-seismic displacement for the slip distribution on the Paganica 
fault.
The main shock was preceded by a swarm-like activity that started a year earlier. For this 
study of all the events with ML ≥ 3, our data set starts on October 1, 2008, at 22:47:37 
UTC, when an event of ML 3.1 (Mw 3.20, this study) was located at 42.59ºN and 
13.29ºE (http://iside.rm.ingv.it) . The swarm-like activity lasted through April 6, when 
the main shock hit. Seven events with ML values between 3.0 and 4.0 occurred in the 
week preceding the main earthquake: four of them on March 30, 2009, one on April 3, 
and the remaining two on April 5, 2009. The entire swarm, and its abrupt acceleration in 
particular, may be interpreted now a posteriori as a precursor for the imminent 
occurrence of the main event. Unfortunately, it was not possible to foresee the main event 
before its occurrence.  Four large aftershocks (Mw values 4.75, 4.81, 4.90 and 5.42, this 
study) occurred close to the city of L’Aquila by April 7, 2009 within 36 hours of the main 
shock, while another large aftershock (Mw 5.22, this study) occurred to the north of the 
city on April 9, 2009. 
The occurrence of a destructive event in the vicinity of L’Aquila is not surprising, since 3 

























Stucchi et al., 2007). In recent years, some  seismic sequences with a ML ≤ 4.0 occurred 
in the area, (De Luca et al., 2000;  Boncio et al., 2004; Chiarabba et al., 2005; Pace et al., 
2006). Deformation rates in the area were also precisely known well before the main 
event of April 6 2009; the area along the mountain belt is deforming in extension (2-3 
mm/year, Hunstad et al., 2003) within a 50 km-wide area containing the highest 
topographic features (Selvaggi et al., 1997). The northeast-trending orientation of the 
extension is consistent with  focal mechanisms (Montone et al., 2004; Bagh et al., 2007), 
borehole breakouts (Mariucci et al., 1999) and  geological data  (Lavecchia et al., 1994, 
Westaway, 1992). Chiarabba et al. (2005) reviewed previous studies and stated that the 
seismotectonics along the Apennines are controlled by the north-eastward retreat of the 
Adria subducting slab and showed that the seismogenic layer in the region ranges 
between 6 and 16 km, in good agreement with the depths obtained from the waveform 
inversions of this study. More importantly, a number of recent studies, supported through 
grants of the Italian Protezione Civile (e.g., Pace et al., 2006, and Akinci et al., 2009), 
estimated the seismic hazard for the Central Apennines, and highlighed the elevated 
hazard in the area surrounding L’Aquila. 
The study by Bagh et al. (2007) investigated the background seismicity in the  Abruzzo 
region by relocating a large number of events recorded in the previous 20 years recorded 
by different permanent and temporary seismic networks . They observed that the 
background seismicity was generally sparse with a few dense clusters due to small 

























shown in Bagh et al. (2007),  is distributed in the upper 15 km of the crust, and consists 
predominantly of normal faulting with strike parallel to the mountain belt (55% of the 
cases) with some pure strike-slip faulting (27% of the cases), with the remainder having 
trans-tensional mechanisms. Bagh et al. (2007) stated that the major active structures in 
the Apennines are locked normal faults, which when activated, cause secondary strike-








































velocity model based on profiles shown in Di Luzio et al (2009). Their Figure 5 shows a 
crustal geologic section taken along the CROP (CROsta Profonda) profile 11,  from the 
Adriatic foreland on the east to the Fucino basin on the west. The CROP seismic profiles 
were performed in the 1980s in order to investigate the deep crust across the Apennines, 








As part of an effort   for implementing routine regional moment tensor inversion in 
routine processing at the USGS National Earthquake Information Center,  Herrmann et  
al. (2010) documented a procedure for systematic moment tensor inversion of continental 
earthquakes in the United States and Canada through a rapid grid-search procedure 
(Herrmann and Ammon, 2002). Much has been learned from this effort, especially as 
catalog completeness was extended to magnitudes less than 4.0. Signal-to-noise 
limitations for small earthquakes can be overcome by focusing on higher frequency 
























detail observed at higher frequencies. The use of the appropriate regional velocity model 
is important not only to match the waveforms but also to define the moment magnitude of 
the earthquake because the  theoretical amplitudes at high frequencies depend very 
strongly on the velocity model.
Our preliminary processing of the L'Aquila aftershocks used  a model for tectonic North 
America (Herrmann et al., 2010) for which we had a set of pre-computed Green's 
functions. We quickly determined that we could  perform regional  moment tensor 
inversions using the ISIDE data sets at local magnitudes 4.0 and much lower because of 
the inherent high quality of the data sets and the large number of nearby broadband 
seismic stations. While performing quality control on the observed waveforms, we  noted 
the presence of recognizable dispersed surface-wave trains, which suggested the 
application of the data processing and inversion tools of Herrmann and Ammon (2002) to 
define a specific velocity model for use in the study area.
We made group velocity measurements using multiple filter analysis (Herrmann, 1973) 
on 80 vertical and transverse component waveforms for 6 aftershocks to yield about 600 
Rayleigh- and Love-wave dispersion measurements in the 4.4 to 28 second period range, 
being careful not to select the longer periods at short epicentral distances for which the 
dispersion was not yet well developed. The aftershocks and stations used for the group 
velocity study, Figure 2, sample the central Apennines, and thus any derived velocity 

























The starting model, given in the Appendix, was based on the work of Di Luzio et al 
(2009) who interpreted the seismic data from a deep seismic reflection profile across the 
Appenines that passed near L'Aquila. The crustal model for their stations 7-8, near 
L'Aquila, was used to define the deeper crustal boundaries and P-wave velocities. The 
surface wave inversion program, surf96 (Herrmann and Ammon, 2002), was run with a 
smoothing constraint to find a  simple model that matches the observations. To be 
consistent with the major structural boundaries in the work of Di Luzio et al. (2009),  we 
applied  stronger weighting to permit a basin boundary at a depth of 3 km, and fixed the 
velocities of the halfspace and deepest crustal layer in the model. We permitted the other 
crustal velocities, with emphasis on the upper crustal velocities, to change since the 
surface-waves are the dominant signal for the time-domain moment tensor inversion and 
are in turn affected by upper crustal S-wave velocities. Moreover, the strong P-wave 
signal often observed out to 100 km also is controlled by  the upper crustal velocities. 
The starting model has a low-velocity in the mid-crust because of the  westward 
subduction beneath the Apennines (see Chiarabba et al, 2005). The resulting surface-
wave based velocity model  given in the Appendix, named CIA (Central Italian 
Apennines), is thus constructed to be consistent with earlier studies as well as the 
measured dispersion. 
Being aware that fundamental mode surface-wave dispersion data cannot resolve sharp 

























radial-component P-wave receiver functions for the MedNet station AQU at L'Aquila for 
9 earthquakes using the low-pass filter parameter α =  1.0 with the time-domain iterative 
deconvolution technique of Ligorria and Ammon (1999). The station AQU was selected 
for analysis because it lies within the region for which the velocity model is required and 
since waveforms were easily available from data archives. Since many crustal studies 
make use of receiver functions, neglecting their use would call into question the value of 
a velocity model based only on surface waves. These receiver functions were inverted 
together with the dispersion data using the  program joint96 (Herrmann and Ammon, 
2002) to yield the  joint surface-wave dispersion – receiver function model  given in the 
Appendix as ACI (Appennino Centrale d'Italia). Since our objective was to augment the 
CIA model determined using surf96, the CIA model was used as the starting model, with 
the difference that we subdivided many layers to be able to fit the finer features of the 
receiver functions.  We did not permit the half-space velocity to change and again placed 
more emphasis on the change in layer velocities in the upper 10 km because of the 
ringing character of the receiver functions is strongly affected by the presents of low 
velocity sedimentary basins.
Figure 3 compares our observed dispersion with the predictions of the CIA, ACI, BAGH 
(Bagh et al, 2007) and TDMT (Scognamiglio et al, 2009) models. The scatter in the 
observed dispersion is related to location and origin time error, the effect of  3-D 
structure, and biases in the multiple-filter analysis determinations. However, the mean is 

























upper 1.5 km of the Bagh et al. (2007) model was modified to have lower velocities in 
accordance with borehole information in the L'Aquila region (pers. comm. L. 
Scognamiglio, 2009). The TDMT model is used for the INGV regional moment tensor 
determination.  The TDMT model cannot match the observed dispersion because of the 
thick low velocity layers near the surface that give rise to the very low fundamental mode 
group velocities at shorter periods. The BAGH model is better at shorter periods, but our 
ad hoc extension of the model to depths greater than the 20 km of the Bagh et al (2007) 
model was not adequate and demonstrates the need for defining the complete crustal 
model. Since both the CIA and ACI models were based on the inversion of the dispersion 
data, they fit the observed dispersion well. 
Figure 4 shows the result of the joint inversion of the surface-wave dispersion and P-
wave receiver functions at AQU. The figure shows both the starting and final models for 
the inversion, CIA and ACI, respectively.  Although the receiver function fit is not 
perfect, the observed ringing  has begun to be fit. For this station the  ringing, due to  the 
effect of the shallow velocity structure, dominates  any effect  of  deeper crustal structure 
beneath the MedNet station  L'Aquila
Figure 5 compares the four models. The low velocities of the upper 8 km of the TDMT 
are obvious, as is the assumed higher velocity lower crust of the BAGH model. The 
additional detail in the ACI model (solid gray line) compared to the simpler CIA model 


























For  use in source inversion, we initially computed  Green's functions for both the CIA 
and ACI models, and found  they were similar  when these were filtered in the 0.02 – 
0.10 Hz band used for the source inversion, which is not surprising since both  fit the 
observed dispersion in the same way. For reasons of computational speed, we   used the 
simpler CIA model to compute an extensive set of Green's functions for depths between 1 
and 29 km in 1 km increments, and epicentral distances between 1 and 350 km at 1 km 
increments. A perfectly elastic model is used since the effect of reasonable Q values in 










































increments, followed by a finer 5º search in a region  ±20º about the crude best fit.  The 
best fit is defined as the greatest reduction in weighted variance with each trace  weighted 
as a function of epicentral distance  in a manner that is  proportional to distance out  to 
100 km and inversely proportional to distance beyond 100 km  to overcome the 
dominance of large amplitudes and the effects of mis-location on azimuth at short 
distance, and inadequacies in the velocity model at larger distances. The Herrmann et al 
(2010) grid search  algorithm permits a time shift to better align the waveforms to 
overcome mis-location and slight inadequacies of the Green's functions for the path to 
each station. We have found that the derived time shift is  diagnostic of mis-location error 








































































































































































rakes of +180º and -180º.  There were more outliers in the strike and dip values than in 
the H, Mw and Dip, but the variability was roughly Gaussian.  To avoid any possible bias 
in the angles and since the earthquakes all represent normal faulting, we also looked at 

























similarly  the angles between the T-axis and the null B-axis.  These angles vary between 
0º  and 90º, and exhibit an approximately Poisson distribution. The  entries in this table 
serve as a guide to confidence in this type of source parameter estimate. Scognamiglio et 
al (2010) used the CIA velocity model with a different source inversion code to 
determine the parameters of all earthquakes with M
L
  > 3.5.  A cursory comparison of our 
moment magnitudes and source depths to theirs indicates that the confidence values in 








































































































































































the fault strikes at 135º, dips at 55º and has a fixed rake of ­95º, which are the parameters 
determined by the grid search for the main shock. We chose this nodal plane since the 


















































































presents the derived slip, u = M0/(μA)  where μ and A are the rigidity  and area of each 
cell, respectively. The figure shows the effect of smoothing, which spreads out the 
distribution of slip on the fault. The value of the slip has a tendency to be larger at 
shallower depths, because of the smaller rigidities. The common feature of these three 
inversions is that the fault slip is in the upper 6-7 km and that the time of major slip is 
delayed 3.5 to 7 seconds after the initial break at depth.
Although this numerical  exercise accounts for the time shifts required by the point 
source solution, the sensitivity of the solution to rupture velocity and the usefulness of the 
distant broadband data set must be addressed.  We combined the ZNE component 
accelerogram data from ITACA,  integrated  to velocity,  with the ZRT broadband data 
and inverted  the entire data set in the 0.01 – 0.05 Hz passband, the same passband that 
could not be used to characterize the mainshock as a point source. The locations of the 
accelerographs are indicated in Figure 15 by the inverted triangles. Specifically we added 
the stations ANT, AQA, AQU, AQV, ASS, AVZ, BOJ, CDS, CHT, CLM, CMB, CMR, 
CS01, CSS, FMG, GSA, IRS, LSS, MMP, MTR, ORC, PTF, SBC, SPC, SPO, SUL, 
TMO and VRP which ranged in epicentral distance from about 3 to 140 km. In general, 

























waveforms at short distances.  
Figure 20 shows the derived slip on the fault plane as a function of assumed rupture 
velocity as a fraction of the local medium S-wave velocity for the two data sets with the 
smoothing parameter γ = 1. In order to fit the signal delays seen in Figure 16,  the 
position of maximum slip becomes shallower as the rupture velocity increases because 
the inversion is in absolute time. We also see that the magnitude of maximum slip 
increases with increasing rupture velocity because more of the moment release is at 
shallow depths.  The shapes and locations of the major slip are similar for both waveform 
data sets.
Figure 21 decreases the smoothing parameter to  γ = 0.1, with the consequence that more 
character is seen in the slip distributions. Again there is similarity in the patterns derived 
from the two data sets for the same rupture velocity parameter. However the  addition of 
acceleration data sharpens the slip pattern. The goodness of fit associated with these 

































aftershocks with Mw ≥ 3.0.  Normal faulting with almost all tension axes in the E to ENE 
directions characterizes the solutions. 
Our catalog of regional moment tensor solutions differs very little from that developed by 
Scognamiglio et al (2010) since the use the same CIA velocity model and similar filtered 
ground velocity waveforms. Details of the small differences in the two catalogs are given 
in their paper. Their effort, though, focused on earthquakes with Mw  ≥ 3.5 and on 
automatic processing. A comparison  of 25  regional centroid moment tensor solutions 
determined by Pondrelli et al (2010) for the larger earthquakes showed that our moment 
magnitudes were  smaller by 0.22 Mw units and our depths were shallower by 5 km than 
theirs.  We attribute this difference to our use of waveform data within 200-300 km to the 
exclusion of any paths through the sea, the use of high frequencies and, more importantly, 
a crustal model calibrated for the propagation paths used. In simple terms, the moment 
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Band (hz) H (km) Strike(º) Dip (º) Rake (º) Mw Fit
0.02 – 0.05 9 175 25 ­55 3.34 0.47
0.02 – 0.10 7 185 20 ­35 3.34 0.74
0.02 – 0.20 7 195 20 ­25 3.22 0.66
0.02 – 0.40 7 200 25 ­20 3.28 0.31

























Date Time (UTC) Lat (ºN) Lon (ºE) H (km) Source
2009/04//06  01:32:39  42.334 13.334 8.8 Initial ISIDE
2009/04//06  01:32:40.4 42.342 13.380 8.3 Final ISIDE
2009/04//06  01:32:39.7 42.341 13.371 13.7 elocate  BB
2009/04//06  01:32:40.0 42.336 13.369 11.9 elocate  ACCEL
2009/04//06  01:32:39.8 42.339 13.371 13.3 elocate  BB+ACCEL
2009/04//06  01:32:40.8 42.347 13.380 9.5 Michelini et al (2009)
2009/04//06  01:32:40.7 42.350 13.376 9.3 Chiaraluce et al (2010)
Table 4.
 Comparison of finite fault and point source inversions
Inversion Frequency Band Fit Comment
Point source 0.01 – 0.025  0.700 STK=139, DIP= 55, RAKE=­94, Mw=6.13, H=5
0.01 – 0.05 0.528 STK=138, DIP=56, RAKE=­97, Mw=6.03, H=5
Finite Fault 0.01 – 0.025 0.714   γ  = 0.0 BB  Vr = Vs
0.01 – 0.05 0.642   γ  = 0.0 BB  Vr = Vs
0.01 – 0.05 0.610   γ  = 0.0 BB  Vr = 0.8Vs
0.01 – 0.05 0.542   γ  = 0.0 BB  Vr = 0.6Vs
“ 0.654   γ  = 0.0 BB+ACCEL  Vr = Vs
“ 0.648   γ  = 0.0 BB+ACCEL Vr = 0.8Vs
“ 0.569   γ  = 0.0 BB+ACCEL Vr = 0.6Vs
“ 0.646   γ = 0.1 BB+ACCEL Vr = Vs
“ 0.643   γ = 0.1 BB+ACCEL Vr = 0.8Vs













H (km) VP (km/s) VS (km/s) Density (kg/m3)
Initial model
1.5 5.0 2.86 2515
3 6.0 3.43 2687
3 6.0 3.43 2687
7 6.3 3.57 2754
15 6.0 3.43 2687
6 6.7 3.78 2850
8 7.1 3.99 2956
­ 7.9 4.40 3212
CIA (surface­wave)
1.5 3.75 2.14 2275
3 4.94 2.82 2485
3 6.01 3.43 2706
7 5.55 3.15 2609
15 5.88 3.36 2677
6 7.11 4.01 3010
8 7.10 3.99 3012
­ 7.90 4.40 3276
ACI (surface­wave and receiver function)
0.5 4.03 2.30 2323
0.5 3.81 2.18 2287
0.5 3.73 2.13 2271
1 4.54 2.59 2398
1 5.16 2.95 2532
1 5.58 3.18 2616
3 5.69 3.25 2637
3 5.38 3.05 2576
4 6.05 3.43 2714
5 5.51 3.15 2602
5 6.16 3.52 2747
5 5.76 3.29 2651
6 6.42 3.62 2828
8 7.35 4.13 3090














































location  depths   ;   (c   )  Comparison  of  moment   tensor  depths   to  1­D relocations  of 
Chiaraluce at al (2010).
Figure  12.    Moment   tensor   solutions   for   the  L'Aquila   sequence   shown   in   a     lower 
hemisphere  equal­area  projection.   The  colors indicate the  source depth determined 
Herrmann/Malagnini/Munafò 42/66 Revised October 20, 201042
















































































































































location  depths   ;   (c   )  Comparison of  moment  tensor  depths   to  1­D relocations  of 
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Figure 12.  Moment tensor solutions for the L'Aquila sequence shown in a  lower 
hemisphere  equal­area  projection.   The  colors indicate the  source depth determined 
by broadband modeling. Note that the initial main shock depth is not consistent with 
the depths of neighboring aftershocks. Subsequent relocations place it about 3 km 
east, where it is still slightly shallow compared to aftershocks.
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Figure 13. Goodness of fit as a function of source depth for the L'Aquila main shock 
using the 0.01 – 0.05 Hz band for inversion.  The best fit is at 29 km, the limit of the 
depth search, although there is a local maximum at a depth of 5km. 
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Figure 14.  Goodness of fit as a function of source depth for the L'Aquila main shock 
using the 0.01 – 0.025 Hz band for inversion. The best fit is for a source depth of 5 
km.
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Figure 15.  Locations of broadband stations (solid circles) and accelerometers 
(inverted triangles) used for the analysis of the main shock (upright triangle) which is 
indicated by the triangle.
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Figure 16. Comparison of observed (solid) and predicted (dashed) waveforms as a 
function of travel time for the best fit point source solution using the 0.01 – 0.025 Hz 
frequency band. The figure annotation is as for Figure 8. Note the large positive time 
shifts of the synthetic with respect to the observed waveform and also the high 
frequency motions  on parts of the predicted surface­wave arrival.
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Figure 17. Comparison of finite fault waveforms (dashed) to observed ground 
velocities  (solid) in the 0.01 – 0.025 Hz band. No spatial smoothing is assumed and 
rupture velocity equals the local S­wave velocity. The misalignment if the surface­
wave arrival at larger distances indicates the need for  slight changes in the velocity 
model.
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Figure 18.  Location of finite fault subevents with respect to our moment tensor 
solutions.  Shaded circles – events for which moment tensor inversions were 
determined in this study with the shading a function of source depth; the largest circle 
is the location of the initial automatic solution for the main shock.  Star – initiation 
point for finite fault rupture. Diamonds – finite fault sub­events. Small squares 
indicate nearby cities: LA – L'Aquila, PA – Paganica and PP – Poggio Picenze.  The 
size of all events is scaled with magnitude. 
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Figure 19. Sensitivity of finite fault inversion of broadband data in the 0.01 – 0.025 
Hz band to smoothing for a fixed rupture velocity equal to local S­wave velocity. a) 
smoothing parameter = 0.0, b) smoothing parameter = 1.0 and c) smoothing parameter 
= 0.1; The rupture velocity was set to the local shear­wave velocity.   The solid circle 
indicates the hypocenter and the diamond the point of maximum slip. The dashed gray 
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lines indicate the  rupture timing in seconds. The slip contours increase from 25 to 
700 cm with the same shading for all images.
Figure 20. Sensitivity of finite fault inversion of broadband data in the 0.01 – 0.05 Hz 
band to rupture velocity. A fixed smoothing parameter of 1.0 is used. The left column 
data set consists of only the regional broadband data, with the right column data set 
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adds  local acceleration records. Rupture velocity decreases as a function of the shear­
wave velocity from top to bottom as 1.0, 0.8 and 0.6. The solid circle indicates the 
hypocenter and the diamond the location of maximum slip. The dashed gray lines 
indicate the  rupture timing in seconds. The slip contours increase from 25 to 700 cm 
with the same shading for all images.
Figure 21. Sensitivity of finite fault inversion of broadband data in the 0.01 – 0.05 Hz 
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band to rupture velocity. A fixed smoothing parameter of 0.1 is used. The left column 
data set consists of only the regional broadband data, with the right column data set 
adds  local acceleration records. Rupture velocity decreases as a function of the shear­
wave velocity from top to bottom as 1.0, 0.8 and 0.6. The solid circle indicates the 
hypocenter and the diamond the location of maximum slip. The dashed gray lines 
indicate the  rupture timing in seconds. The slip contours increase from 25 to 700 cm 
with the same shading for all images.
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